fiber synapse.
Results
M NBQX at the peak of the synaptic current, i.e., 17 fA (more than 4,000 times smaller than the current in Figure 1C ); (ii) superimposing the noncompetitive AMPA Synaptic Transporter Currents Consist of Two Components receptor blocker GYKI 52,466 (100 M) on top of the NBQX had no effect on the current in Figure 1C (reduced Activation of the climbing fiber input to Purkinje cells evoked a large synaptic current mediated by non-NMDA by 1.3% Ϯ 4.4% in 3 cells); and (iii) the I-V relation of the current in Figure 1C differs from that of AMPA receptor receptors, as reported previously ( Figure 1A ). When this was blocked with NBQX (25 M), a much smaller current currents (see below). The current in Figure 1C is also not an anion current since there are no permeant anions component remained (no NMDA receptor blockers are needed at this age because the cells express no funcinside the cell: the weakly permeant Cl Ϫ is only present outside, and its entry would generate an outward curtional NMDA receptors: Hä usser and Roth, 1997; Otis and Jahr, 1998). With ClO 4 Ϫ or NO 3 Ϫ as the main anion rent. A similar inward current was also seen with the weakly permeant anion Cl Ϫ inside the cell ( Figure 1D : the inside the cell ( Figure 1B) , both of which are highly permeant through the anion conductance of glutamate voltage dependence to this current, described below, shows that this current is also not due to Cl Ϫ movement). transporters (Billups et al., 1996; Eliasof and Jahr, 1996; Wadiche and Kavanaugh, 1998), this current was similar This current was blocked ( Figures 2B and 2C ) by the transporter blockers threo-hydroxyaspartate (300 M), in kinetics (see below) and susceptibility to block by transporter blockers (Figures 2A and 2C ) to the current PDC (300 M), and TBOA (100 M, a nontransported blocker [Shimamoto et al., 1998 ], which evoked no curpreviously reported by Otis et al. (1997) . In interthis was too small to be fitted reliably. Thus, although the kinetics of both the nonanion and the anion components leaved recordings (a cell recorded with internal Cs ϩ , followed by one recorded with internal K ϩ ), the mean vary slightly depending on the particular anion present, there is a large difference between the kinetics of the amplitude of the current at Ϫ69 mV was 25.6 Ϯ 4.8 pA in 6 cells studied with Cs ϩ and 19.5 Ϯ 5.8 pA in 6 cells two components.
The amplitude of the two current components at -63 studied with K ϩ (p ϭ 0.44, two-tailed t test), and the decay time constants were 10.0 Ϯ 0.9 ms and 12.3 Ϯ mV was 27.0 Ϯ 4.6 pA (gluconate, 58 cells) or 34.7 Ϯ gested that, in the absence of glutamate, only 27% of that increases with hyperpolarization. However, if this were the case, and the overall transport cycle is slow transporters have 3 Na ϩ bound, 58% have 2 Na ϩ bound and 8% have 1 Na ϩ bound (holding potential Ϫ85 mV; as reported previously, then rapid removal of glutamate should produce an outward current as the Na ϩ unbinds Otis and Jahr, 1998; kinetic scheme redrawn in Figure  7A ). Glutamate binding displaces transporters from this again. Experiments on membrane patches, described below, show that this does not occur. equilibrium. Transporters with 3 Na ϩ bound engage in the transport cycle, but the others need to first bind additional Na ϩ . We considered the possibility that the The Nonanion Component Does Not Reflect H ؉ Binding nonanion current component could reflect this Na ϩ binding to sites within the membrane field. The voltage deIn the kinetic scheme of Otis and Jahr (1998), an H ϩ binds after glutamate. If the H ϩ binding site is within the pendence of the current makes this unlikely. As the membrane potential is made more negative, a larger membrane field, then the inward nonanion current could reflect H ϩ binding. Extracellular alkalinization to pH 8.4-fraction of transporters will already have 3 Na ϩ bound, and the inward Na ϩ binding current should therefore 8.5 reduces by 40% the anion current activated by sustained aspartate application in oocytes expressing become smaller. The voltage dependence to the Na ϩ binding site occupancy observed for EAAT2 transport-EAAT4 and halves the steady-state glutamate uptake current produced by salamander GLAST glutamate ers (Wadiche et al., 1995a ) suggests that the current at Ϫ129 mV would be less than half of that seen at Ϫ69 transporters (Billups and Attwell, 1996; Fairman et al., 1998), presumably because there are less protons availmV. Experimentally, however, the current was 1.8-fold larger at Ϫ129 mV than at Ϫ69 mV ( Figure 3B) . able for cotransport. Similarly, we found that at pH 8.4 the steady-state D-aspartate-evoked transporter curThis does not rule out the possibility that, differing from the model of Otis and Jahr (1998), 2 Na ϩ bind before rent in Purkinje cells (Takahashi et al., 1996) was reduced by 50% Ϯ 8% in 6 cells ( Figure 5C ). Solution of pH glutamate, but the third Na ϩ binds after glutamate within the membrane field, producing the current we observe 8.4 had no effect on the postsynaptic AMPA receptor assumes a pK a of 7. Figure 3B . To check this point further, we set the internal and external pH to 6.6 and 7.4, so that the H ϩ reversal potential was at Ϫ47 mV. We found no change in the I-V relation of the nonanion current, which superimposed on that of Figure 3B (7 cells, data not shown).
The Anion and Nonanion Current Components Are Seen in Membrane Patches
The nonanion current could reflect a reversible charge movement in the membrane field produced by a conformation change associated with temporary glutamate buffering, or an irreversible (under our conditions) current flow associated with translocation of glutamate and loss of a transported substrate at the inner membrane surface. To distinguish these possibilities, we applied brief pulses of 2 mM glutamate (similar to the concentra- with 1 ϭ 11.8 Ϯ 2.9 ms (relative amplitude A 1 ϭ 55% Ϯ 11%) and 2 ϭ 55.1 Ϯ 12.6 ms (A 2 ϭ 45% Ϯ 11%), giving a mean time to fall to 1/e of the peak current around 24 ms in 8 cells. It was blocked by the transporter blocker current (decreased by 1.2% Ϯ 3.1% in 4 cells), probably because alkaline pH has little effect on AMPA receptors threo-hydroxyaspartate (THA, N ϭ 4, Figure 6C ) and increased at more negative potentials (4 cells, data not (Traynelis and Cull-Candy, 1990) and because the increased Ca 2ϩ influx occurring at alkaline pH cannot inshown). This current is similar to that reported previously by Otis and Jahr (1998); however, we never saw a trancrease the already high vesicle release probability (Silver  et al., 1998) . Surprisingly, solution at pH 8.4 did not sient outward overshoot of the current on removal of glutamate, and the kinetics of the current are slower in alter the amplitude or kinetics of the synaptically evoked nonanion current, nor of the synaptically evoked anion our study. With gluconate as the internal anion, a current with faster kinetics was seen, resembling the synapticurrent seen with internal ClO 4 Ϫ (Figures 5A-5C ). By contrast, our simulations (see Experimental Procedures) cally evoked nonanion component of the transporter current ( Figure 6B ). Its 10%-90% rise time was 0.59 Ϯ of the kinetic scheme of Otis and Jahr (1998), which 
ms in 27 patches. A biexponential fit to its decay
than the synaptically activated nonanion current. Similarly, the anion (NO 3 Ϫ ) current in patches rises about 4 gave 1 ϭ 0.61 Ϯ 0.05 ms (A 1 ϭ 85% Ϯ 2% of the peak amplitude) and 2 ϭ 17.5 Ϯ 3.28 ms (A 2 ϭ 15% Ϯ 2%), times faster and falls twice as fast, as the synaptically evoked anion current. The slower rise of the synaptic giving a mean time to fall to 1/e of the peak current of 0.81 ms (N ϭ 27). This current was also blocked by THA current may reflect a slower onset of the synaptically evoked glutamate transient, due to the transporters be-(N ϭ 5; Figure 6C ) and was abolished (to the level of the artifact seen on switching between identical glutamateing mainly located just outside the synaptic cleft (Dehnes et al., 1998) or due to slightly different times of free solutions) on replacing external Na ϩ with choline ϩ (7 cells, data not shown). It had an I-V relation that release at the different climbing fiber boutons. The slower fall of the synaptic currents may reflect a slow increased with hyperpolarization and was still inward at ϩ21 mV (N ϭ 6; Figures 6D and 6E; cf. Figure 3B) . The tail to the decay of the glutamate concentration in the synaptic cleft. mean amplitude of the nonanion component (at Ϫ63 mV with internal Cs-gluconate) was 4.79 Ϯ 0.13 pA in 26
If the inward current seen with internal gluconate reflected a charge movement associated with a conformapatches, while that of the anion component (with KClO 4 ) was 13.9 Ϯ 2.3 pA in 9 patches. At pH 8.4, the amplitude tion change caused by reversible binding of glutamate to the transporter, we would expect to see a corresponding of the nonanion component was unaffected (98.4% Ϯ 8.2% of that at pH 7.4 in 7 patches), as it was for the outward current transient when glutamate was removed. This was not observed. The charge movement appeared synaptically evoked nonanion current (Figure 5 ), again suggesting that protons are not transported at the same to be irreversible under our conditions because integrating the current for 100 ms from the time when the inward time as glutamate.
In response to long glutamate applications (100 ms), current had decayed to 5% of its maximum never revealed a net outward current. Thus, the charge movethe transporter anion currents (with internal NO 3 Ϫ ) decayed very slowly during the whole application, whereas ment is not reversed when glutamate is washed away, and the transporter removes glutamate from the extrathe nonanion current (with gluconate) decayed to a plateau after an initial phase similar to the current elicited cellular space for at least 100 ms. To determine how long, after binding glutamate, it by brief glutamate application (data not shown).
The nonanion current activated in patches by a 1ms takes transporters to become available for further binding, we applied paired pulses of glutamate separated pulse of glutamate rises and decays about 3 times faster [1998] ) and the demonstration above that 80% of transporters can bind and remove glutamate from the cortex are glutamatergic. Bruns and Jahn (1995) estimated that 4,700 molecules of serotonin are stored when it is present at 2 mM for 1 ms suggest that postsynaptic transporters may remove a substantial fraction of in small synaptic vesicles using amperometric measurements. Although this method will be more reliable than the glutamate released at the climbing fiber synapse. To estimate this fraction, we measured the synaptically that of Riveros et al. (1986) , it is likely that some neurotransmitter will escape their carbon fiber. We therefore evoked charge movement evoked at Ϫ69 mV with Csgluconate in the internal solution. Integrating out to 100 assume that the number of glutamate molecules per vesicle is between 5,000 and 10,000 (the upper estimate ms after the stimulus artifact, this was 0.65 Ϯ 0.10 pC in 21 cells. As explained in the Discussion, the data for the number of ACh molecules per vesicle at the neuromuscular junction: Kuffler and Yoshikami, 1975) . above are consistent with the synaptically evoked nonanion component reflecting the translocation across the For the charge movements given above, this suggests that 56%-230% of the glutamate released is removed membrane of a glutamate Ϫ anion with 3 Na ϩ (see kinetic scheme in Figure 7B ). If this movement were right by postsynaptic uptake. This estimate is independent of the type of transporter that removes the glutamate. through the membrane field, it would imply a charge movement of 3.2 ϫ 10 Ϫ19 C per glutamate molecule.
It is significantly greater than the 22% estimated by Otis et al. (1997), who calibrated their synaptically activated However, Wadiche et al. (1995a) proposed that at least anion currents using data from oocytes (see Discussion) synaptic cleft, but data are not available to allow a direct comparison of the fraction of released glutamate taken and assumed that EAAT4 was the transporter responsiup postsynaptically and by surrounding glia. ble (if they had assumed it was EAAC1, their data would A previous estimate of glutamate transport at this predict that 290% of the released glutamate was resynapse was calculated from measurements of the synmoved postsynaptically). aptically activated anion current, calibrated using the glutamate transport to anion current ratio measured in Discussion oocytes (Otis et al., 1997) . However, our data show that internal permeant anions reduce the fast translocation We have shown that postsynaptic glutamate transportcurrent and impair glutamate transport: at room temperers at the cerebellar climbing fiber synapse remove gluature the early synaptically evoked transporter charge tamate from the synaptic cleft extremely rapidly. The movement was reduced by 30% (p ϭ 0.04, see above), transporters generate a fast inward current when glutawhile at 32ЊC the initial peak of the current was reduced mate is released synaptically, even in the absence of by 56% ( Figure 4 ). This is comparable to the time rather than just being buffered by glial transporters needed for diffusion of glutamate away from the synap- (Mennerick et al., 1999) . Previous models of glutamate tic cleft and faster than the synaptic current decay. At clearance from the synaptic cleft (Barbour and Hä usser, the climbing fiber synapse, our measurements of the 1997; Rusakov and Kullmann, 1998) have assumed a charge movement associated with postsynaptic uptake rate constant for glutamate translocation based on the suggest that Ͼ56% of synaptically released glutamate is overall carrier cycling rate (14-20/s), which our data removed in this way. The glutamate that is not removed show is 50 times slower than the actual rate of glutamate postsynaptically apparently remains in the synaptic cleft translocation. This suggests that at early times after long enough to induce AMPA desensitization, since the glutamate release, transporters will reduce spillover of unitary and climbing fiber EPSCs decay with time conglutamate from its release site to adjacent synapses stants similar to that of AMPA receptor desensitization better than is predicted by these models. In addition, ( (1996) found that in the absence of internal and external K ϩ pH changes had no effect on anion amined.
Our data raise several questions about the reaction channel opening, although they had a large effect on the steady state transport rate in the presence of K ϩ . cycle of glutamate transporters. First, which is the ratelimiting step in the carrier cycle? Our patch data suggest These data suggest, as already postulated by Billups et al. (1996) , that H ϩ cotransport (or OH Ϫ counter-transthat glutamate, once bound, is removed from the synaptic cleft with a time constant of 0.8 ms at 25ЊC. If the port) occurs on the part of the carrier cycle which does not have glutamate bound ( Figure 7B ). Furthermore, overall cycle time is 60 ms at 25ЊC (Figure 6G ), this suggests that translocation of glutamate and sodium is since alkaline pH slows steady-state transporter cycling ( Figure 5C ; Fairman et al., 1998), lowering [H ϩ ] o should not the rate-limiting step in the cycle. Since the maximum transport rate is thought to be amino acid depenslow the H ϩ transport step that occurs after rapid glutamate translocation and thus should prolong the recovery dent (e.g., D-aspartate generates a smaller uptake current than glutamate: Barbour et al., 1991), Otis and Jahr of transporters from paired-pulse depression. Third, where in the transport cycle is the anion con-(1998) postulated that the rate-limiting step was unbinding of the transported amino acid (see scheme in ductance activated? The presence of a resting anion conductance that is suppressed by nontransported sub- Figure 7A ). This might be reconciled with our data if the preceding dissociation of one of the transported Na ϩ strates (Bergles and Jahr, 1997; Levy et al., 1998; Otis and Jahr, 1998) supports the idea of an anion conducting ( Figure 7A ) was the essentially irreversible step in the generation of the nonanion current that we observe. state linked to the state with 3 Na ϩ bound in Figure 7 . The anion conductance is increased when glutamate However, arguing against the idea that the rate-limiting step must involve the transported amino acid is the binds (Wadiche et al., 1995b), implying the presence of another state that conducts more anions. Otis and Jahr suggestion that exchange of amino acids on glutamate transporters (going through all of the steps which involve (1998) postulated that this should be linked to the state at the outer face of the membrane that has all ingoing amino acid) is much faster than net transport (Erecinska and Nelson, 1987), which would imply that the ratesubstrates bound ( Figure 7A ), while Billups et al. (1996) postulated that it was linked to the corresponding state limiting step is on the part of the transport cycle without amino acid bound (the K ϩ transporting limb of the carrier at the inner face of the membrane. Our data show that in Purkinje cells, the anion conductance is activated and cycle; Figure 7 ). There is no obvious way to reconcile these seemingly contradictory data. One possibility is decays more slowly than the inward current associated with translocation. The simplest explanation for these that for some substrates the rate-limiting step is indeed with the substrate attached to the transporter, while for observations is that both currents are linked to the GN 3 To state in Figure 7B , the anion current arising from other substrates (like glutamate) the steps with substrate attached are faster and the rate-limiting step is the GN 3 To* state as already proposed by Otis and Jahr (1998), and the translocation current from the transition without substrate bound. An alternative possibility is that the ionic stoichiometry differs for different transbetween GN 3 To and GN 3 Ti. The translocation current is expected to be proportional to the transition rate beported amino acids, with the smaller uptake current for (say) D-aspartate reflecting less cotransported Na ϩ tween those two states, and it will last as long as transporters occupy the GN 3 To state. The slow rise and decay rather than a slower translocation step.
Second, where in the reaction cycle is H ϩ transported? kinetics of the anion current could reflect slow rate constants for entering and leaving the GN 3 To* state (by Otis and Jahr (1998) postulated that the H ϩ binds immediately after glutamate. This is consistent with the work contrast Otis and Jahr [1998] postulated submillisecond rate constants here). If the rate constant for entering of Zerangue and Kavanaugh (1996b) , who proposed that (for EAAT3) the H ϩ could be provided as part of a trans-GN 3 To* is much faster than for leaving it, as suggested by the activation and decay rates for the anion conducported amino acid substrate (neutral cysteine) rather than as an independently binding species. The evidence tance, then the anion conductance will continue to increase as long as some transporters still occupy the for this was that extracellular alkalinization to pH 8.5, which increases 4.5-fold the fraction of cysteine in its GN 3 To state, and the kinetics of the two components are expected to be different, as the rise of the anion anionic form and should increase the apparent affinity of the transporter 4.5-fold if neutral cysteine cannot be current will last the full duration of the translocation current. As shown in Figure 6B (inset), this is very close transported, in fact led to only a 20% increase of affinity. However, for GLAST transporters (EAAT1), alkalinization to the situation observed in patches. (By contrast, Otis and Kavanaugh [2000] reported very similar kinetics for to pH 9 leads to a 3.5-fold decrease of affinity for glutamate (Billups et al., 1994), suggesting that this decrease the two current components generated by EAAT2 transporters, which might be explained if the open time of of affinity might combine with the increase of anionic cysteine concentration at alkaline pH to produce little the anion conducting state is shorter for EAAT2 and some anion channels start closing while some are still apparent overall change of affinity. Our data suggest that H ϩ is not bound to the transporter at the same opening.) For the scheme of Figure 7B , with a slowly decaying anion conductance, exit from the anion contime as glutamate, since we find no effect of a 10-fold lowering of external [H ϩ ] concentration on either the ducting state will generate a delayed translocation current, which might explain the slow component seen in nonanion or the anion component of the synaptically evoked transporter current (Figure 5) , nor on the nonthe patch data. It should be noted, finally, that the reaction scheme in Figure 7B is not unique: e.g., the anion anion current recorded in patches, while the Otis and Jahr (1998) model predicts an easily detected reduction current could arise from a state linked to the GN 3 Ti state. In summary, although further work is needed to quanand onset slowing for both components. Similarly, Bill- 
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The kinetic scheme for EAAT4 of Otis and Jahr (1998) 
